Analogues of folate antagonists as affinity and fluorescent probes of dihydrofolate reductase structure and function
characteristics of this important enzyme by means of a variety of chemical and physical techniques. A significant advance in terms of our understanding of the structure and function of DHFR has been the elucidation of the three-dimensional structures of bacterial and avian enzymes by Matthews, Kraut and co-workers (reviewed in Freisheim & Matthews, 1984) . These studies have revealed details regarding the interactions of MTX and other folate antagonists as well as that of NADPH with this enzyme. Recent reviews on this topic include those by Freisheim & Matthews (1984) and by Blakley (1984) .
Triazine afinity labelling studies
Chemical evidence for the participation of active-site amino acid residues in the binding of inhibitors in solution has been demonstrated using radioactive affinity labels. Recent studies from this laboratory have shown that chicken liver DHFR is rapidly and stoichiometrically inactivated by a substituted 4,6-diaminodihydro-s-triazine containing a terminal benzenesulphonylfluoride (DTBSF, Fig. I ), a compound originally synthesized by Baker & Vermeulen (1976) . Using [I4C]DTBSF, the inactivated, radiolabelled protein was digested with trypsin and the labelled peptide isolated (Kumar et al., 1981) . Sequence analysis demonstrated that an 0-sulphonyl covalent bond was formed between the inhibitor and the phenoxy group of Tyr-31 of the avian reductase (Kumar et al., 1981) . Based on the homology alignments (Freisheim & Matthews, 1984) , Tyr-3 1, although non-homologous, may perform the same binding function for MTX as Leu-27 (Lactobacillus casei) or Leu-28 (Escherichia coli). The same binding role may apply to Tyr-31 (porcine liver DHFR) or Phe-31 (bovine liver, L1210 or human enzymes). Certainly Tyr-3 1 (avian or porcine liver) is the only residue among the species capable of reacting with DTBSF at that particular position. Our original speculations (Kumar et al., 1980 (Kumar et al., , 1981 are fully supported by the X-ray results on the avian enzyme (Volz et al., 1982) . Tyr-31 of avian DHFR is involved in the binding of a substituted diaminotriazine (MOT). This residue changes location from its position in the DHFR-NADPH complex by an average of 3.4A in forming the enzyme-NADPH-MOT ternary complex making contact with the CI CI 0 Et S03H
Fig. 1. DTBSF (NSC 127755)
methyl and phenyl substitutents of the triazine inhibitor (Volz et al., 1982) . If the DTBS molecule binds similarly to the triazine portion of MOT in the avian enzyme, the terminal sulphonyl moiety must attach to the phenoxy oxygen of Tyr-31 via a possible skewed stacking of the constituent and the terminal chlorophenyl of DTBS, allowed by the rotational freedom of the four methylene groups separating the two chlorophenyl moieties. Human WIL2/M4 DHFR is stoichiometrically inhibited by DTBSF, but covalent labelling does not occur, presumably because phenylalanine occurs at position 3 1.
Synthesis of lysine and ornithine analogues of MTX X-ray crystallographic studies of enzymes from L. casei and E. coli (Matthews et al., 1977 (Matthews et al., , 1978 (Matthews et al., , 1985 , as well as that from chicken liver (Volz et al., 1982; Matthews et al., 1985) , reveal that certain invariant residues in the primary sequence of DHFR play an important role in the binding of MTX and other folate antagonists at the active site. A specific charge interaction between the acarboxylate of the L-glutamate moiety of MTX and an invariant arginine residue has been implicated in the binding of MTX to DHFR. The importance of a free a-carboxylate on the MTX molecule for binding has been further substantiated from the studies with a-and ycarboxyl-modified MTX derivatives (Montgomery et al., 1979; Piper et al., 1982; Rosowsky et al., 1981a,b) . These studies indicate that the presence of various groups on the y-carboxylate of MTX does not significantly alter the binding of these MTX derivatives to DHFR as evidenced from the inhibition studies. For example, the MTX-ybenzylamide derivative, despite the bulkiness of the benzyl ring, was shown to be a good inhibitor of L1210 DHFR (Piper et al., 1982) . However, the a-carboxylsubstituted derivatives were found to be considerably less inhibitory as compared with MTX. Under physiological conditions, MTX is converted to y-polyglutamyl derivatives (Baugh et al., 1973). These derivatives seem to possess the same affinity for DHFR as MTX (Galivan, 1980; Fry et al., 1982) , further indicating that substituents on the y-carboxyl group of MTX do not significantly alter enzyme binding.
We have reported the synthesis and properties of lysine and orithine analogues of MTX (Kempton et al., 1982; . These analogues possess the essential free a-carboxyl group required for binding to the DHFR and, in addition, contain a terminal amino group instead of a carboxylate group. In spite of the charge difference, both analogues are potent inhibitors of DHFR. Furthermore, the presence of a free amino group provides an excellent attachment point for additional substituent groups.
Afinity labelling with an MTX analogue
Reaction of L. casei DHFR with radiolabelled Na-(4-amino-4-deoxy-N" -methyl-pteroy1)-N(iodoacety1)-Llysine (APA-Lys-IA), an analogue of MTX, has demonstrated a stoichiometric, covalent attachment of the inhibitor to the bacterial enzyme (Rosowsky et al., 1982) . A radiolabelled tryptic peptide was isolated and sequenced in our laboratory, demonstrating that the inhibitor was covalently bound to His-28, a residue implicated in the binding of the y-carboxylate of the glutamate moiety of MTX (Matthews et al., 1978) . Amino acid analysis of the L. casei-inhibitor covalent complex indicated the presence of approximately equal amounts of 1-and 3-carboxymethyl-histidine, suggesting that the imidazole side-chain of His-28 undergoes sufficient molecular motion in solution such that either imidazole nitrogen can react with APA-Lys-IA. Similar studies with human WIL2/M4 and avian DHFRs indicate that APA-Lys-IA binds covalently to the single cysteine residue in each of these enzymes. Thus, affinity label appears to represent an active centre or 'endo' irreversible inhibitor for L. casei DHFR, whereas it is an 'exo' covalent label in the case of the vertebrate enzymes, since the single cysteine is not directly involved in substrate, inhibitor or NADPH binding. Such affinity labelling studies aid in characterizing active-site residues or those residues proximal to the active site of DHFRs in solution versus the crystallinestate.
Fluorescent analogues of MTX
Fluorescent dansyl groups may also be attached to the amino groups of APA-Lys and APA-Orn using 5-dimethylaminonaphthalene-1 -sulphonyl chloride (dansyl chloride, DNS-CI). The details of our synthesis and h.p.1.c. purification procedures have been reported by Kumar et al. (1983a,b) . The dansylated derivatives of APA-Lys and APA-Orn exhibit fluorescence properties characteristic of the dansyl moiety with an excitation at 328 nm and an emission maximum at 580 nm in aqueous media . Both APA-Lys-DNS and APA-Om-DNS are very potent inhibitors of DHFRs from bacterial, avian and human sources . The binding of these fluorescent analogues to any of the DHFRs results in a 1&15nm blue shift of the ligand emission maxima and a 2-5 fold enhancement of the emission .
APA-Lys-DNS is also a potent inhibitor of murine L1210 DHFR (Susten et al., 1984) . The fluorescent analogue was only 10-fold less potent than MTX in inhibiting the growth of MTX-sensitive and MTX-resistant DHFR-overproducing L12 10 cells. This agent competes effectively for [3H]MTX transport with a K, of 7.02 PM, a value virtually identical to the Kt for MTX in both cell lines (Susten et al., 1984) . In addition, strong dansyl fluorescence was found to be associated with DHFR from MTX-resistant DHFR-overproducing L1210 cells after incubation of viable cells with APA-Lys-DNS for 4 h. The results demonstrate a rapid transport of the compound into L1210 cells where it forms a highaffinity fluorescent complex with intracellular DHFR.
The parent basic analogues of MTX, APA-Lys and APA-Orn, thus provide attachment sites, via their free amino groups, for a number of fluorescent and affinity labelling probes of DHFR structure and function.
